For a better understanding of inter-and intracellular events, in modern microbiology and virology analysis of huge amounts of data is required. In order to assist biologists with the evaluation of such data, automated image analysis software can be applied. In the following, methods based on Difference of Gaussian filters, k-means clustering, locally adaptive thresholds and the watershed transform are described and applied for segmentation of intra-nuclear dots as well as cell nuclei. Using the described methods, activity of proteins from the ND10 domain can be automatically determined based on image analysis. Evaluating performance for splitting of touching cells shows that only 20 out of 3,267 cells require manual correction of the segmentation results. Analysing a subset of 1,000 intranuclear spots resulted in 971 true positive, 29 false negative and 14 false positive detections.
Introduction
For a better understanding of inter-and intracellular events in modern microbiology and virology analysis of huge amounts of data is required. Manual analysis of this data is very time consuming and prone to errors. In order to improve reproducibility and objectivity of these evaluations, automated image analysis software is required. The analysis of proteins from the ND10 complex is an example for such a high throughput image analysis experiment. Endothelial cells carrying several distinct recombinants of the Kaposi's Sarcoma associated herpesvirus (KSHV) are produced, in which either the tegument protein ORF75 or the viral interferon-regulating factor 3 are missing.
For manual assessment of this data, the number of spots must be manually counted for each of the 30,000 nuclei. Furthermore, the reproducibility of a manual count is low as signal intensity of noise and relevant signals can vary for different images and constructs. This effect may lead to large intra observer errors and low reproducibility if data analysis is performed manually.
A variety of different approaches exist enabling automated image segmentation of data from different domains based on fluorescent imaging. A broad overview of techniques applied in the emerging field of bioinformatics is provided in [1] . The topic of nuclei segmentation in fluorescence micrographs has been addressed in many publications. Methods based on the well-understood watershed transform are therefore commonly applied [2] [3] [4] [5] . Alternative approaches apply e.g. level sets [6] or graph cuts [7] . For the detection and segmentation of nuclear spots, a Laplace distribution based blob detector can be applied as e.g. described in [8] . Alternative publications apply the morphological tophat operator [9] for the segmentation of spots in FISH labelled nuclei.
Materials and Methods
The functionality of the ND10 domain correlates with the number of intra-nuclear spots. Hence a method is needed which detects and segments the depicted cell nuclei in a fluorescent micrograph, and furthermore detects and count the included spots for each nucleus. In the following, an automated image analysis workflow will be described enabling fully automated quantification of the functionality of the ND10 domain.
Materials
Endothelial cells carrying several distinct recombinants of the Kaposi's Sarcoma associated herpesvirus (KSHV) were produced, in which either the tegument protein ORF75 or the viral interferon-regulating factor 3 are missing. Cells were stained with mouse anti PML (clone PG-M3) and anti-mouse Alexa-555 and counterstained with 10µg/ml Hoechst 33358. 
Methods
Counting the number of spots per nucleus requires automated detection and segmentation of both, the spots and the corresponding nuclei. The segmentation of these objects poses a challenge as both fluorescence channels exhibit a high noise level. The different staining intensities of euchromatin and heterochromatin in the cell nuclei (Hoechst 33358) channel additionally pose a challenge for robust figure-ground separation. An overview of the steps and image processing methods applied for the segmentation of nuclei and spots is provided in Image 2.
Image 2: Combinations of segmentation methods applied for segmentation of nuclei and intranuclear spots.
Segmentation of nuclei
For segmentation of the nuclei in the MIP projected data, a segmentation pipeline consisting of three stages is applied.
In the initial pre-processing step, a Gaussian smoothing filter with standard deviation is applied for noise reduction. Shading and illumination artefacts are then eliminated by a Gaussian filter based shading correction technique. Therefore, the shading corrected image is subtracted from the smoothed image to remove potential shading artefacts. Standard deviation of the Gaussian shading correction filter is parameterized by . In combination, this results in a difference of Gaussian (DoG) filter. In the next step, regions depicting nuclei are separated from the image background by an intensity based k-means clustering technique [11] . After the clustering of image intensities, each of the clusters is assigned to one of the classes foreground or background. In this work, pixels belonging to the darkest cluster are assumed to represent the image background. All remaining clusters represent the nuclei. Based on this, threshold levels can be easily adjusted by varying the number of clusters k. In the last stage, touching nuclei are separated from each other by a watershed transform [12] . Before the application of the watershed transform, a distance transform is computed based on the binary image resulting from previous figure-ground separation. Additionally, a Gaussian smoothing filter with standard deviation is applied to the distance transformed image to reduce the amount of over-segmented nuclei. The watershed transform is then applied to the inverted and smoothed distance transformed image to enable separation of touching nuclei.
Segmentation of spots
For detection and segmentation of the intracellular spots in the red Alexa 555 channel, a DoG band pass filter is applied to extract the frequency band containing the information on the spots. This DoG filter is parameterized by adjustable parameters and . Note, that the parameterization of the methods applied for segmentation of intra-nuclear spots can vary from the parameterization for the nuclei segmentation methods. After the pre-processing step, the depicted spots are separated from the background pixels using a locally adaptive threshold selection technique. For this threshold selection technique, mean and standard deviation are computed for a local neighbourhood of each pixel. If the intensity of the current pixel I(x,y) strongly deviates from the mean intensity level in its neighbourhood, it is interpret as foreground:
Otherwise, the current pixel is assigned to the image background. For this locally adaptive filter, the radius r of the local neighbourhood required for estimation of mean and standard deviation can be varied as well as the value of which enables an adjustment of the filter sensitivity.
Based on the resulting foreground image, touching spots are then separated by applying a watershed transform to the distance transformed binary image. For reduction of over segmentation, a Gaussian smoothing filter with standard deviation is applied. Finally, objects that are below a size of 5 pixels are removed from the image.
Parameter adjustment
In order to enable high quality segmentation of both, cell nuclei as well as intranuclear spots, all free parameters must be adjusted to the available image data. For segmentation of the cell nuclei, parameters , , k and have to be adjusted to the nuclei image data. For segmentation of the spots, the parameters , , , r and are adapted to the image data. For this application, the adjustment of the open parameters can be done manually. Based on two representative training images, the parameters are varied until segmentation quality visually does not show a further improvement to the human. The resulting parameterization is then applied for segmentation of the remaining image dataset. The training images are thereby not included in the testing dataset to avoid learning by heart. Figure 3 shows the detected and segmented cell nuclei and corresponding spots from Figure 1 .
Image 3:
Segmentation result depicting segmented and correctly split nuclei as well as segmented spots.
Results
After the manual adjustment of the open parameters, the described image processing pipe-line of segmentation methods is applied for the segmentation of the approx. Based on the proposed image analysis scheme of the cell nuclei and the corresponding intranuclear spots, the average number of ND10 domains per cell can now be automatically evaluated by counting the number of spots per nucleus. Image 4 provides a comparison of the number of spots for two different constructs. The evaluation of this data demonstrates a significant difference of host cell ND10 domain between the two viral constructs.
Image 4:
Box-and-whiskers plots describing the distribution of the number of spots per nucleus for two different constructs, correlating with viral genes affecting integrity of the ND10 domain.
Conclusion
In this work we have shown that high throughput analysis of the ND10 complex of KSHV cells is possible using automated image analysis software for fluorescent micrographs. Applying a workflow based on DoG based preprocessing for shading correction, k-means clustering based threshold selection and watershed transform based splitting of touching fluorescent cell nuclei enables robust segmentation and splitting of DAPI stained nuclei with an accuracy of 99%, computed. This is consistent with other publications [2] [3] [4] [5] , where the watershed transform was also successfully applied for the splitting of touching nuclei in DAPI stained micrographs For segmentation of the intranuclear spots, a DOG filter was applied for selection of the relevant frequency band. Using a locally adaptive threshold selection method and the watershed transform for splitting of touching nuclei results in an accuracy of 95.8%. In order to improve accuracy for spot detection, alternate spot detection methods described by Smal et al. [10] , applicable to segmentation of fluorescent spots could be applied. In the cited work, the h-dome based detection of fluorescent spots showed the highest number of true positive and false positive detections.
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